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Introduction
The Ca 2ϩ -dependent activator protein for secretion (CAPS) family is involved in dense-core vesicle (DCV) release (Walent et al., 1992; Ann et al., 1997; Berwin et al., 1998; Tandon et al., 1998; Renden et al., 2001; Grishanin et al., 2004; Liu et al., 2008; Sadakata et al., 2010) . In mammals, there are two family members, CAPS1 (Berwin et al., 1998) and CAPS2 (Speidel et al., 2003; Sadakata et al., 2004 Sadakata et al., , 2007a . Previous studies have shown that CAPS1 deficiency affects the secretion of catecholamines [e.g., norepinephrine (Berwin et al., 1998; Tandon et al., 1998) ], neuropeptides [e.g., neuropeptide Y (Fujita et al., 2007) ], and peptide hormones [e.g., insulin (Speidel et al., 2008) ].
Our previous studies showed that CAPS1 interacts with the Golgi membrane and the class II ADP ribosylation factor (ARF) small GTPases (ARF4 and ARF5) and that CAPS1 knockdown (KD) and ARF-binding mutations result in abnormal morphology of the trans-Golgi network (TGN) and a decrease in the number of DCVs, suggesting that CAPS1 has a functional role in the trafficking pathway between TGN and DCVs (Sadakata et al., 2010) . Similar experiments on CAPS2 also suggest a role for the CAPS family in the TGN-DCV pathway (Sadakata et al., 2012) . However, the cellular and biochemical functions of CAPS1 in the brain remain unclear, because Caps1 knock-out mice die shortly after birth (Speidel et al., 2005) .
To analyze the function of CAPS1 in the brain, we generated two Caps1 conditional knock-out (cKO) mouse lines using the Cre-loxP recombination system: 1) one with the forebrainspecific Emx1 promoter; and 2) the other with the cerebellumspecific Ptf1a promoter. Both cKO lines were born normally and grew to the adult stage. Using these two lines, we were able to examine, for the first time, the effects of CAPS1 deficiency on cellular and synaptic functions in postnatal mouse brain. Our findings suggest that CAPS1 plays a critical role in the TGN-DCV pathway and that it affects synaptic transmission by regulating the density of DCVs.
Materials and Methods
Animals. All experimental protocols were approved by the Institutional Animal Care and Use Committee of RIKEN Brain Science Institute, Gunma University, and the Tokyo University of Science.
Caps1 knock-out mice. A 10.5 kb genomic fragment containing exon 6 of the mouse Caps1 gene was obtained from the genomic DNA of C57BL/6 mice and was used to construct the targeting vectors (Fig. 1A) . One loxP sequence was inserted at the KpnI site, and the phosphoglycerate kinase-neomycin resistance (neo) cassette, flanked by another loxP sequence and a pair of frt sequences, was inserted into the artificially generated SalI site upstream of exon 6 to generate a loxP-frt-neo-frtexon6 -loxP cassette. For negative selection, the diphtheria toxin A-fragment gene cassette was added to the 3Ј end of the targeting vector. After transfecting MS12 ES cells (C57BL/6 mouse embryonic stem cell line; Kawase et al., 1994) by electroporation, targeted clones were screened for G418 resistance and analyzed by Southern blot analysis. Chimeric mice were generated by injection of the targeted MS12 ES cells into BALB/c mouse blastocysts and mated with wild-type C57BL/6J mice to obtain heterozygous mutant mice. All of the engineered animals studied were backcrossed with C57BL/6J mice for at least five generations. The Emx1-Cre (Iwasato et al., 2000) and Ptf1a-Cre (Yamada et al., 2007) mouse lines were crossed with the floxed mice to delete the exon 6 fragment in a forebrain-and cerebellum-specific manner, respectively.
Antibodies. Rabbit anti-CAPS1 (1:2000 dilution) and anti-CAPS2 (1: 1000 dilution; Sadakata et al., 2004) antibodies and mouse monoclonal anti-actin (1:500 dilution; catalog #A4700; Sigma-Aldrich) antibody were used for Western blotting. The following primary antibodies were used for immunohistochemistry: rabbit polyclonal anti-brain-derived neurotrophic factor (BDNF; 1:100 dilution; Katoh-Semba et al., 1997) , rabbit polyclonal anti-secretogranin II (SgII; 1:2000 dilution; catalog #K55101R; Biodesign International), mouse monoclonal anti-syntaxin 6 (Stx6; 1:500 dilution; catalog #610635; BD Biosciences), mouse monoclonal anti-GM130 (1:100 dilution; catalog #610822; BD Biosciences), rabbit polyclonal anti-calbindin (1:1000 dilution; catalog AB1778; Millipore Bioscience Research Reagents), and mouse monoclonal vesicular glutamate transporter 2 (vGlut2; 1:5000 dilution; catalog #MAB5504; Millipore Bioscience Research Reagents).
Immunohistochemistry. C57BL/6J male mice were deeply anesthetized with an overdose of diethyl ether and transcardially perfused, initially with PBS and then with Zamboni's fixative (2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, containing 0.2% picric acid). Tissues were dissected, postfixed in Zamboni's fixative at 4°C for 5 h, and cryoprotected by immersion in 15% sucrose in PBS overnight at 4°C. After embedding in Tissue-Tek OCT compound (Sakura Finetek), tissues were frozen in dry ice powder, and sectioned at a thickness of 14 m using a cryostat (CM1950; Leica) at Ϫ18°C. The sections were air dried for 1 h and rinsed in PBS three times. After blocking with 5% bovine serum albumin (BSA) and 0.3% Triton X-100 in PBS at room temperature for 1 h, the sections were incubated at 4°C overnight with the primary antibody in an immunoreaction buffer (2ϫ PBS containing 0.3% Triton X-100 and 1% BSA). The sections were then rinsed in PBS, reacted at room temperature for 1 h with the secondary antibody in the immunoreaction buffer, and given a final rinse in PBS. Immunoreacted sections were mounted with Vectashield mounting medium (Vector Laboratories) and observed with a microscope (BX51; Olympus) equipped with a CCD camera (VB-7000; Keyence). Digital images were processed using Adobe Photoshop 6.0 software (Adobe Systems). To quantify immunoreactivity, grayscale images were converted to binary (black/white) images, and the region of interest was analyzed using NIH ImageJ software.
Electron microscopy. Under deep anesthesia with sodium pentobarbital (Nembutal; 250 mg/kg, i.p.), P21 mice were transcardially perfused with 2 ml of saline, followed by 25 ml of a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M PB. Brains were dissected and immersed in the same fixative at 4°C overnight. The hippocampus and cerebellum were cut into 300 m transverse slices on a microslicer (VT1000S; Leica) and postfixed in cold 1% OsO 4 solution for 1 h. After dehydration in a graded series of alcohol solutions, slices were embedded in epoxy resin (EPON 812; TAAB Laboratories). Serial ultrathin 70 nm sections were cut on an ultramicrotome (EM UC6; Leica), mounted on 200 mesh uncoated copper grids, and metal stained with uranyl acetate/lead citrate. The grids were examined with a transmission electron microscope (1200EX; Jeol) at 80 kV.
Electrophysiology. Parasagittal cerebellar slices (200 m thick) were prepared from Caps1 cKO mice and wild-type littermates (P21-P42) as described previously (Kakegawa et al., 2008) . Whole-cell patch-clamp recordings were made from visually identified Purkinje cells using a 60ϫ water-immersion objective attached to an upright microscope (BX51WI; Olympus) at room temperature. Because the time course of the maturation of the climbing fiber inputs onto Purkinje cells differs somewhat in the various lobules and subdivisions (i.e., bank, sulcus, and gyrus; Nishiyama and Linden, 2004), we restricted our recordings to the Pur- toxin (100 M; Sigma-Aldrich) was always present in the saline to block the inhibitory inputs.
To evoke EPSCs from climbing fiber and parallel fiber inputs onto Purkinje cells, square pulses were applied with a stimulating electrode placed on the granular layer (10 s, 0 -200 A) and the molecular layer (ϳ50 m away from the pial surface; 10 s, 0 -200 A), respectively. Selective stimulation of climbing fibers and parallel fibers was confirmed by paired-pulse depression and paired-pulse facilitation, respectively, of evoked EPSC amplitudes using a 50 ms interstimulus interval. Current responses were recorded with an Axopatch 200B amplifier (Molecular Devices), and the pClamp system (version 9.2; Molecular Devices) was used for data acquisition and analysis. Signals were filtered at 1 kHz and digitized at 4 kHz.
Results

Generation of forebrain-specific and cerebellum-specific
Caps1 cKO mice A conditional Caps1 allele was generated by gene targeting in embryonic stem cells (Fig. 1A) . We used two different brain region-specific cKO systems. One is the forebrain-specific cKO system using Emx1-Cre (Emx1
Cre/ϩ ) knock-in mice that show extensive Cre expression in the neocortex, hippocampus, and olfactory bulb but negligible expression in other brain regions (Iwasato et al., 2000) . We crossed Emx1
Cre/ϩ mice with heterozygous Caps1 null mutant (Caps1 ϩ/Ϫ ) mice to obtain doubleheterozygous (Emx1
Cre/ϩ Caps1 ϩ/Ϫ ) mice. We then crossed the double-heterozygote with homozygous floxed Caps1 (Caps1
Cre/ϩ -Caps1 flox/Ϫ mice (hereafter referred to as "forebrain Caps1 cKO" mice). The other cKO system used is the cerebellum-specific system using Ptf1a-Cre (Ptf1a
Cre/ϩ ) knock-in mice, which show extensive Cre expression in cerebellar GABAergic neurons and inferior olive neurons (Pascual et al., 2007; Yamada et al., 2007) . We crossed the double-heterozygote (Ptf1a
Cre/ϩ Caps1 
far been observed in Emx1
Cre/ϩ or Ptf1a Cre/ϩ mice compared with wild-type animals (Krapp et al., 1998; Iwasato et al., 2000; .
Both of the Caps1 cKO mouse lines were viable and exhibited no overt abnormalities in body shape or gross anatomy. Western blot analysis showed a dramatic reduction in CAPS1 expression in the neocortex and hippocampus of the forebrain cKO mice compared with their control ( flox/Ϫ) littermates (Fig. 1B, top) . Similarly, CAPS1 expression was markedly reduced in the cerebellum of the cKO mice compared with their control ( flox/Ϫ) littermates (Fig. 1C, top) . In comparison, the expression levels of CAPS2 (used as a control) in the neocortex, hippocampus, and cerebellum were quite similar among the wild-type, flox/flox, flox/Ϫ, and Caps1 cKO mice (Fig. 1 B, C, bottom) .
Caps1 knock-out causes impairments in the trans-Golgi cisternae and DCVs in hippocampal neurons
In the mouse hippocampus, Caps1 mRNA was expressed at the highest level in the CA3 region and at intermediate levels in the dentate gyrus (DG) and CA1 region ( Fig. 2A) , whereas Caps2 mRNA was expressed at the highest level in the CA1 region and at an intermediate level in the DG (Fig. 2B) . Interestingly, in the stratum lucidum of the CA3 region, which receives mossy fiber inputs from granule cells of the DG, the intense immunolabeling for the DCV marker protein SgII found in flox/Ϫ mice (Fig. 2C) was comparatively reduced in forebrain Caps1 cKO mice (Fig.  2 D, E) .
We suggested previously that CAPS1 plays an important role in DCV trafficking in the Golgi complex (Sadakata et al., 2010) . To investigate this possibility, we first analyzed immunostaining patterns of Golgi marker proteins in the CA3 pyramidal cell layer (Fig. 2F-I ) . Immunoreactivity for syntaxin 6 (Stx6, a TGN marker) was observed as an intense cluster around the peripheral region of nuclei, probably representing the Golgi apparatus, in CA3 pyramidal cell soma of control mice (Fig. 2F ) . In comparison, only weak immunoreactivity, diffusely distributed in the soma, was observed in the forebrain Caps1 cKO mice (Fig.  2G) . However, there was no apparent difference in immunoreactivity for GM130 [a cis-Golgi network (CGN) marker] between the control (Fig. 2H ) and cKO (Fig. 2I ) mice. Statistical analysis revealed a significant difference in Stx6 immunoreactivity, but not in GM130 immunoreactivity, between control and Caps1 cKO animals (Fig. 2J ) .
We analyzed the ultrastructure of the Golgi apparatus in hippocampal CA3 pyramidal neurons using electron microscopy (Fig. 3) . Forebrain Caps1 cKO mice had relatively dilated structures in the identifiable cisternae, which were predominantly on the trans side of the Golgi stack (Fig. 3B) , compared with control mice (Fig. 3A) . Similar dilated Golgi cisternae were also observed in the DG region of cKO mice (Fig. 3D) but not in flox/Ϫ mice ( Fig. 3C) . Together, these findings suggest that CAPS1 deficiency perturbs the structure of the trans-cisternae of the Golgi complex in hippocampal CA3 pyramidal cells and DG granule cells. We examined the number of presynaptic DCVs and synaptic vesicles (SVs), and the morphology of postsynaptic structures in the CA3 stratum lucidum, the DG-CA3 synaptic region, in flox/Ϫ (Fig. 4A ) and forebrain Caps1 cKO mice (Fig. 4B) . Interestingly, cKO mice had a lower density of DCVs in the presynaptic terminal compared with flox/Ϫ mice (Fig. 4C) , suggesting a reduction of DCVs in the DG granule cells of cKO mice. However, there was no difference in the density of SVs (Fig. 4D) or the length of the postsynaptic density (Fig. 4E ) between control and cKO mice.
Caps1 knock-out perturbs DCVs and SVs and impairs synaptic transmission in cerebellar climbing fiber-Purkinje cell synapses
In the cerebellar cortex, CAPS1 is localized in the climbing fibers, axons of the inferior olive nuclei (ION), which innervate the proximal dendrites of Purkinje cells. In contrast, CAPS2 predominates in the parallel fibers, axons of granule cells, which innervate the distal dendrites of Purkinje cells (Sadakata et al., 2004 (Sadakata et al., , 2006 . To clarify the role of CAPS1 in the trafficking of secretary substances along the axon, we focused on climbing fibers. We first analyzed the immunolocalization of a climbing fiber marker, vGlut2, which is known to be expressed in the ION and localized to climbing fiber terminals. vGlut2 appeared normally distributed along the proximal region of Purkinje cell dendrites in the molecular layer of cerebellum Caps1 cKO mice at P21 (Fig. 5D ) compared with control ( flox/Ϫ) mice (Fig. 5A ). In the control mice, the immunostaining pattern for the DCV marker SgII appeared indicative of climbing fibers and was similar to that of vGluT2. However, in Caps1 cKO mice, SgII immunoreactivity was too weak to detect, suggesting a decrease in the number of SgII-positive DCVs or a reduction in the expression level of SgII in the climbing fibers of cKO mice (data not shown).
Brain-derived neurotrophic factor (BDNF) is known to be expressed in the ION and transported, probably via DCVs or DCV-like secretory vesicles, along climbing fibers (Conner et al., 1997) . In the control cerebellum, much of the intense fiber-like immunolabeling for BDNF (Fig. 5B ) was closely localized with that for vGlut2 (Fig. 5C) . (Note that, in the molecular layer, there is a diffuse intermediate level of BDNF immunoreactivity arising from the numerous granule cell-derived parallel fibers). In comparison, this climbing fiber-derived BDNF immunoreactivity was diminished in cKO mice (Fig. 5E ). Statistical analysis revealed a significant difference in the density of BDNFimmunoreactive climbing fibers in the molecular layer of the cerebellum between control and Caps1 cKO mice (Fig. 5G) .
Next, we examined the presynaptic distribution of DCVs and SVs in climbing fiber-Purkinje cell synapses using electron microscopy. Cerebellum Caps1 cKO mice had a lower density of DCVs in the presynaptic area than control mice (Fig. 6A-C) , again suggesting a reduction of synaptic DCVs in the climbing fibers in these mice. Interestingly, the number of SVs per presynapse was also lower in cKO mice than in controls (Fig. 6 A, B,D) , suggesting that CAPS1 deficiency affects the presynaptic distribution of SVs in the climbing fibers as well.
To examine the effects of cerebellar CAPS1 deficiency at the synaptic level, we first investigated the electrophysiological properties of parallel fiber-Purkinje cell and climbing fiber-Purkinje cell synapses. In parallel fiber-Purkinje cell synapses, no significant difference was found between wild-type and Caps1 cKO mice in the peak amplitude of the EPSCs (Fig. 7 A, B) , indicating that basic synaptic transmission in cKO mice is unimpaired. Paired-pulse facilitation at parallel fiber-Purkinje cell synapses, which is a form of short-term plasticity reflecting presynaptic function (Zucker and Regehr, 2002) , was also unchanged in cKO mice compared with control mice (Fig. 7C) . Morphological assessment of climbing fiber-Purkinje cell synapses in the adult cerebellum revealed that Purkinje cells in cKO mice were normally innervated by a single climbing fiber, similar to control mice (Fig. 7E) . However, climbing fiber-EPSCs recorded from cKO mice showed a reduced climbing fiber-EPSC amplitude and enhanced paired-pulse depression, reflecting lower presynaptic release probability (Zucker and Regehr, 2002;  Fig. 7 F, G) . Together, these results suggest that CAPS1 deficiency perturbs synaptic transmission at climbing fiber-Purkinje cell synapses by affecting presynaptic functioning.
Discussion
To overcome the neonatal lethality in Caps1 null (KO) mice (Speidel et al., 2005) and to better understand the in vivo effects of Caps1 deficiency on the mouse nervous system, we generated forebrain-specific and cerebellum-specific Caps1 cKO mouse lines. In contrast to Caps1 KO mice, both cKO lines were born normally and grew to the adult stage, allowing us for the first time to analyze loss-of-CAPS1 phenotypes in the postnatal mouse brain.
Western blot analysis revealed a dramatic reduction in CAPS1 expression in the neocortex and hippocampus of the forebrain cKO mice compared with their control (flox/Ϫ) littermates. However, there were detectable levels of CAPS1 immunoreactivity in protein samples of the cortex and hippocampus from forebrain cKO mice. Emx1-Cre (Emx1
Cre/ϩ ) knock-in mice have extensive Cre expression in the neocortex, hippocampus, and olfactory bulb but negligible expression in other brain regions (Iwasato et al., 2000) . However, there are projections to the neocortex and hippocampus from other brain regions, including the raphe, locus ceruleus, and thalamus, in which various types of neurons express CAPS1 (data not shown). Low CAPS1 immuno- reactivity was observed around the soma of CA3 and CA1 pyramidal neurons in the Caps1 cKO hippocampus (data not shown). Therefore, the low levels of CAPS1 detected in the neocortex and hippocampus of the forebrain Caps1 cKO mice likely represent protein derived from axonal projections of neurons localized outside the forebrain.
Our previous in vitro CAPS1 KD study, using the rat adrenal pheochromocytoma cell line PC12, showed that CAPS1 plays an important role in the trafficking of DCVs in the Golgi complex by binding ARF4 and ARF5 small GTPases (Sadakata et al., 2010) . CAPS1 KD decreases immunoreactivity for chromogranin A (a luminal protein in DCVs) in neurites but results in accumulation of the protein in the Golgi complex. Consequently, DCV secretion of chromogranin A into the culture media is reduced. In contrast, transmembrane proteins, including neurotrophin receptors TrkA and TrkB, which are not transported by DCVs, are normally targeted to the cell surface of CAPS1 KD cells. These results indicate that the DCV trafficking pathway, but not the general sorting of TrkA/B, is affected by CAPS1 KD. In the present study, we found that forebrain Caps1 cKO mice have an abnormal pattern of immunoreactivity for the TGN marker Stx6 but not the CGN marker GM130 (Fig. 2) . Moreover, we observed dilation of the Golgi cisternae predominantly on the trans side (Fig. 3) and a drastic reduction in the number of DCVs, but not SVs (Fig. 4) , in the hippocampus of forebrain Caps1 cKO mice. Together, our findings strongly suggest that CAPS1 proteins play a critical role in DCV trafficking in the TGN in vivo. However, whether other types of vesicular transport at the TGN are affected in neurons in CAPS1 cKO mice remains to be elucidated.
In the cerebellar cortex, CAPS1 is localized in climbing fibers, whereas CAPS2 predominates in parallel fibers (Sadakata et al., 2006) . Cerebellum cKO mice showed decreased levels of BDNF along the climbing fibers (axons of BDNF-producing ION neurons) in the molecular layer. However, the climbing fibers appeared normally distributed in the proximal region of Purkinje cell dendrites as revealed by the pattern of climbing fiber-specific vGlut2 immunoreactivity, and they also functionally monoinnervated Purkinje cell dendrites (a hallmark of mature climbing fiber-Purkinje cell connectivity), as revealed by recordings of single climbing fiber-evoked EPSCs. Despite this normal gross morphological appearance, cerebellar CAPS1 deficiency reduced the number of presynaptic DCVs as well as SVs at the climbing fiber-Purkinje cell synapses. This contrasts with the hippocampal CA3 region, in which only presynaptic DCVs were reduced in number (SVs did not appear affected). These findings suggest that diminished BDNF levels may contribute to a reduction in the number of DCVs in the climbing fibers, resulting in a lower SV density within the climbing fiber terminals.
It is intriguing that deficiency of different CAPS family proteins (CAPS1 vs CAPS2) results in distinct presynaptic effects (paired-pulse depression vs paired-pulse facilitation) at different cerebellar synapses (climbing fiber-Purkinje cell vs parallel fiberPurkinje cell). A previous study demonstrated a reduction in the amplitude of evoked EPSCs and mEPSCs in primary-cultured hippocampal neurons from Caps1 KO mice, which was suggested by the authors to be attributable to a decrease in the size of the readily releasable pool (Jockusch et al., 2007) . Our present study shows that deficiency of cerebellar CAPS1 reduces climbing fiber-EPSC amplitude and enhances paired-pulse depression at climbing fiber-Purkinje cell synapses, suggesting a lowered presynaptic release probability at these contacts. In comparison, our previous study showed that deficiency of cerebellar CAPS2 reduces paired-pulse facilitation at parallel fiber-Purkinje cell synapses (Sadakata et al., 2007a) . It remains to be elucidated what unique properties of CAPS1 and CAPS2 allow them to have distinct presynaptic effects at the different synapses.
In conclusion, we examined the effects of CAPS1 deficiency on cellular function (including DCV, SV, TGN, and synaptic properties) in postnatal mouse brain by generating and analyzing Caps1 cKO mice. The forebrain Caps1 cKO mice showed perturbations in presynaptic DCV (but not SV) distribution and in TGN (but not CGN) architecture in the hippocampal DG-CA3 region. In comparison, the cerebellum Caps1 cKO mice showed alterations in presynaptic DCV and SV distribution, climbing fiber BDNF expression, and EPSC and paired-pulse depression (but not paired-pulse facilitation) properties at climbing fiberPurkinje cell synapses. Collectively, these results suggest that CAPS1 plays a critical regulatory role in the DCV pathway, which directly affects presynaptic function and synaptic transmission.
